Abstract Studying the evolution of climatic niches through time in a phylogenetic 12 comparative framework combines species distribution modeling with phylogenies.
Introduction

25
Phylogenetic comparative studies use a wide range of methods to explore patterns and 26 processes linked to phylogenetic trees and species traits (Pennell and Harmon, 2013). These 27 studies uncover how a certain trait evolves among different taxa, how evolution of one trait 28 influences another, whether a trait represents adaptation to the environment etc. In this 29 review we focus exclusively on studies testing hypotheses about species' climatic niches 30 evolution through phylogeny.
31
The aim of such studies is typically not only to suggest the trajectories of niche evolution, 32 but rather to test specific hypothesis about the timing of appearance, causation or 33 evolutionary processes responsible for observed patterns. Such studies aim to discover, for 34 instance, whether shifts in the climate niche occur at the same time as shifts in a particular 
212
Here we want to highlight how testing for PNC by measuring phylogenetic signal can be 213 potentially misleading and special caution is needed when interpreting the results. For 214 instance, no phylogenetic signal is a pattern where species niches appear to be independent 215 from phylogenetic relationship among them (Losos, 2011) . This is usually interpreted as no 216 niche conservatism, as it can arise when the niche evolved more than expected from random 217 evolution. Niche diverged to such an extent that the similarity among closely related species is 218 lost (Fig. 1c) . Another cause leading to the same pattern is convergence, when species 219 belonging to separate clades adapt to the same types of environment, and therefore the 220 pattern of niche values distribution among clades is similar (Fig. 1c , Kraft et al., 2007) .
221
Again, this is seen as no niche conservatism. But a highly problematic and less obvious cause 222 of observing no phylogenetic signal is perfect conservatism: if the evolution is extremely 223 conserved, all species will have the same or very similar niches, and no phylogenetic signal can 224 be detected (Fig. 1d, Furthermore, the detection of a phylogenetic signal depends on the size of the phylogenetic 235 tree and the section analyzed (Fig. 1e) . It is extremely important to interpret the patterns 236 only according to the climatic/temporal boundaries within which they were identified; niche (Fig. 1e) .
243
Therefore, a better approach to assess niche conservatism among different clades is to test 244 for mechanisms and evolutionary processes.
245
Models of evolution
246
Evolutionary models describe and approximate the natural processes responsible for trait 247 evolution (Fig. 4) . Fitting various models to the data permits to test hypotheses about the 248 processes driving evolution of particular trait (e.g. the climatic niche). Before actually fitting 249 models to the data, it is advisable to first identify plausible evolutionary processes based on Estes and Arnold, 2007), an extension of BM which has an additional term describing the "pull" towards an optimum value (known as mean-reversion rate in finanical mathematics).
When the value of this constraint equals zero, the model is equal to BM. On the other hand, the higher the pull towards an optimal value is, the lower the correlation among closely related species will be, as all species evolve towards the same optimum. Similarly, to investigate the tempo of evolution -whether traits evolved rapidly immediately after speciation events followed by a long period of stasis -it is necessary to fit punctuational or speciational models of evolution, where the evolutionary change is a function of speciation events and is independent of branch lengths (Gould and Eldredge, 1972; In contrast, marginal reconstruction singles out the state with the highest likelihood at each 429 node separately, which can be useful to test a specific hypothesis at a certain node in the tree 430 (Pagel, 1999). Models which describe the evolution of discrete characters are based on the branch lengths, the path separating species pairs from their common ancestor in the phylogenetic tree. For instance, according to early burst model, evolution is faster closer to 435 the root of the tree, therefore after transformation those branches will be longer compared to 436 the branches closer to the tips where the rate of evolution is slowing down. Reconstructing the 437 values according to a specific model of evolution in R can be done in two steps: first, it is 438 necessary to transform the phylogenetic tree according to the previously tested best fitting 439 model (e.g. rescale function in "geiger"), and afterwards this rescaled tree can be used for Table 1 ).
445
Regardless of the character type or method of choice, estimating trait history on a sample 
465
The ideal solution would be to project to paleoclimate maps, but because they become less Fossil records of species occurrences can prove that species were present in the study area at Validation may be more important when current data already yield a well-constrained model.
479
In contrast, poorly defined models may profit from integrating paleoclimate data into the 480 estimation process.
481
Summary and recommendations
482
Here we summarize and propose tentative guidelines for optimal use of species occurrence and 483 climatic data in phylogenetic comparative studies.
484
Niche representation
485
• When present-day climate niches are inferred from spatial occurrences, niche models are 486 a better choice than raw data.
487
• Each climatic variable should ideally be expressed by species preference for the full range 
493
• Known paleoclimate data can either be used to improve the evolutionary model 494 inference or to validate the reconstructed values.
495
• Evolutionary changes are best visualised in an abstract climatic space.
496
• Ancestral species range should be projected to a paleoclimate map.
497
Concluding remarks
498
Analysing the evolution of climatic niches integrates species distribution modeling, Tables   Table 1: Reconstruction outcome from different methods for continuous characters. Under default conditionsuntransformed ultrametric tree and/or no model specification -all methods will produce roughly the same ancestral states, as all assume Brownian motion model of evolution. Note: independent contrast (IC) method will yield the same ancestral state estimates as the other methods only when each node of the tree is separately re-rooted during the reconstruction process (Maddison, 1991; Garland et al., 1997). Weighted squared-change parsimony (WSqCP) and independent contrasts can also assume different models of evolution by reconstructing the trait values on a transformed phylogeny. Bayesian estimate can lead to a different result under the same model due to different prior distributions for model parameters. Fig d) illustrates why the mean value is not necessarily the optimal statistic; instead reconstructing the whole distribution is preferable. 
